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CONTROLLER FOR A MULTI-PHASE 
BRUSHLESS DC MOTOR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a Continuation of prior application Ser. 
No. 11/463,149, ?ledAug. 8, 2006, Which is incorporated by 
reference herein. This application also claims the bene?t of 
US. Provisional Application No. 60/706,316, ?led Aug. 8, 
2005. 

BACKGROUND 

The present invention relates to sensors for direct current 
(DC) motors, and, more particularly, to a sensor circuit hav 
ing a comparator responsive to back Electromotive Force 
(EMF) signals from a multi-phase brushless DC motor. 
One method knoWn in the art to control a three-phase 

brushless motor is to detect the Zero-crossing event betWeen 
a ?oating or released phase of the motor and the neutral phase. 
When the voltage on the released phase is equal to the neutral 
phase, the next phase is commutated after a predetermined 
delay period. Each phase is in turn driven, tied to ground and 
released. The output of a comparator on each of the phases is 
used for comparison to the neutral voltage. One problem With 
this method is the voltage offset from one comparator to the 
next may be signi?cant, especially at loW voltages and in an 
electrically noisy environment resulting in inconsistent or 
ambiguous comparisons. 

Other methods use relatively complex or expensive circuits 
to determine the phase angle of the rotor using rotor angle 
sensors or phase angle detectors. Additionally, from an initial 
position, the DC motor may not start When poWer is applied if 
the motor is aligned With the actuated phase, the motor may 
start in the Wrong direction, or the motor may rotate too 
sloWly resulting in insuf?cient back EMF for comparisons. 

Accordingly, it is desirable to provide a sensor for a brush 
less DC motor Which is reliable, simple and relatively inex 
pensive to produce, particularly adapted for use in radio con 
trolled model vehicles, such as airplanes, helicopters, boats 
and cars, and Which senses the back EMF of the DC motor. 

SUMMARY 

According to one aspect, the present invention is an appa 
ratus for accelerating the rotation of a shaft of a direct current 
multi-phase brushless motor. A poWer stage is coupled to the 
Windings of the motor and con?gured to pulse one or more 
phases at a duty cycle less than 100%. Phases are pulsed With 
respective voltages belonging a commutation state of a com 
mutation sequence. A back EMF sensor circuit measures, 
during the off-time of the duty cycle, an indication of order 
With respect to voltage of a ?rst phase of the motor With 
respect to one or more other phases. A microprocessor is 
coupled to the poWer stage circuit and to the back EMF sensor 
circuit, and determines the phases for pulsing and the polarity 
of the pulses to accelerate motor shaft rotation based on the 
measured indication of order. 

According to another aspect, the present invention is a 
method of sustaining rotation of a shaft of a direct current 
multi-phase brushless motor at loW revolutions per minute. 
One or more phases of the motor are pulsed by a duty cycle 
less than 100% With voltages associated With a commutation 
state draWn from a commutation sequence. During the off 
time of the duty cycle, the voltage order of at least one phase 
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2 
With respect to one or more other phases is measured. The 
commutation state for sub sequent pulsing is updated based on 
the measured order. 

According to still another aspect, the present invention is a 
method of accelerating rotation of the shaft of a direct current 
multi-phase brushless motor. A ?rst poWer pulse is generated 
on a ?rst phase of the motor. After a certain time period, the 
order With respect to voltage of one phase is measured relative 
to one or more other phases. A second poWer pulse is gener 
ated on a second phase of the motor. The polarity of the 
second poWer pulse corresponds to the determined relative 
order. 

Other advantages of this invention Will become apparent 
from the folloWing description taken in connection With the 
accompanying draWings, Wherein is set forth by Way of illus 
tration and example, an embodiment of the present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagrammatic illustration of a three-phase direct 
current brushless motor in accordance With an exemplary 
embodiment of the present invention. 

FIG. 2 is a schematic of the control circuit for the motor of 
FIG. 1 in accordance With an exemplary embodiment of the 
present invention. 

FIG. 3 is a graphical illustration of the applied and mea 
sured voltages for the Windings of the motor of FIG. 1 in 
accordance With an exemplary embodiment of the present 
invention. 

FIG. 4 is a schematic of the back EMF sensor circuit in 
accordance With an exemplary embodiment of the present 
invention. 

DETAILED DESCRIPTION 

The subject matter of the present invention is described 
With speci?city herein to meet statutory requirements. HoW 
ever, the description itself is not intended to limit the scope of 
this patent. Rather, the inventors have contemplated that the 
claimed subject matter might also be embodied in other Ways, 
to include different steps or combinations of steps similar to 
the ones described in this document, in conjunction With other 
present or future technologies. Moreover, although the terms 
“step” and/or “block” may be used herein to connote different 
components of methods employed, the terms should not be 
interpreted as implying any particular order among or 
betWeen various steps herein disclosed unless and except 
When the order of individual steps is explicitly described. 
The present invention includes the use of a microprocessor 

Which performs embedded control, and thus utiliZes softWare 
to implement features of the invention. The invention may be 
described in the general context of computer-executable 
instructions, such as program modules, being executed by a 
computer. Generally, program modules include, but are not 
limited to, routines, programs, objects, components, and data 
structures that perform particular tasks or implement particu 
lar abstract data types. As those Well practiced in the art Will 
appreciate the present invention may also be implemented 
using programmable logic, a hardWare logic processor, state 
machine, or micro-sequencer. LikeWise, the functions allo 
cated to hardWare may instead be implemented in softWare or 
implemented as a combination of hardWare and softWare. 
Such alternatives are Well Within the scope of the embodi 
ments contemplated and intended for practicing the inven 
tion. 

Referring to FIG. 1, a brushless DC motor is generally 
indicated by reference numeral 10. Motor 10 includes three 
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pairs of Windings or coils A-A', B-B' and C-C' on a stator 12 
surrounding a rotor 14. Rotor 14 is shoWn diagrammatically 
as a bar magnet having a north and a south pole and secured 
to a shaft 16. Each of the pairs of Windings or coils A and A', 
B and B' and C and C' is connected in series. The coils of each 
pair are Wound in opposite directions so that a current through 
the pairs of Windings creates electromagnet poles on the 
stator 12 of opposite polarity. By creating electromagnet 
poles on the stator 12 that attract and/or repel those of the 
rotor 14, the rotor 14 may be made to rotate by successively 
energiZing and de-energiZing the phases. The free ends of 
coils A', B' and C' are connected together as illustrated at 18. 

Referring to FIG. 2, a control circuit for motor 10 is gen 
erally indicated by reference numeral 30. Controller 30 
includes a microcontroller circuit 32, a neutral phase circuit 
34 and a poWer stage circuit 36. Microcontroller circuit 32 
includes a microprocessor 38, an analog multiplexer 40 and a 
comparator 42. 

Microprocessor 38 controls the comparison select outputs 
A0 and A1 to multiplexer 40 on lines 44 and 46, respectively. 
Accordingly, a digital input to multiplexer 40 is provided on 
lines 44 and 46 to control the selection of Which the phases, A, 
B or C, on poWer stage output lines 48, 50 and 52, respec 
tively, is output on line 54. 

Comparator 42 compares the multiplexer output voltage on 
line 54 With the output of the neutral phase circuit 34 on line 
56. When the voltages are equal, an output is generated on line 
58 Which is input to the microprocessor 38. 

Microprocessor 38 also controls the output on lines 60, 62, 
64, 66, 68 and 70 Which are input to the poWer stage circuit 36. 
Based on the inputs on lines 60, 62, 64, 66, 68 and 70, the 
poWer stage circuit 36 selectively controls the current and 
voltage for phases A, B and C on lines 48, 50 and 52, respec 
tively. 

Referring to FIGS. 1-3, in order for the motor shaft 16 to 
turn in a desired direction, the phases A, B and C are activated 
in a speci?c order called the commutation sequence. As 
shoWn in FIG. 3, this sequence is AC, AB, BC, AC, AB, BC, 
and repeats thereafter. 

In the ?rst period of the sequence, microprocessor 38 out 
puts a signal on lines 60 and 70 to poWer stage circuit 36 
Which applies a positive voltage to phase A on line 48, and a 
negative voltage to phase C on line 52. As the rotor 14 turns, 
a voltage is induced in the phase B Windings Which falls as the 
north pole of the rotor 14 passes. The neutral voltage (V N) on 
line 56 is compared by comparator 42 to the back EMF phase 
B voltage on line 50 through multiplexer 40 and output on line 
54. When the voltages on lines 54 and 56 are equal, indicating 
a Zero crossing point 80 (FIG. 3), an output on line 58 is 
generated and input to microprocessor 38. 

Microprocessor 38 Waits a predetermined period of time 
(discussed beloW) for the next commutation. At the ?rst com 
mutation point 82 shoWn in FIG. 3, microprocessor 38 out 
puts a signal on line 66 and removes the signal on line 70 to 
poWer stage circuit 36 Which applies a negative voltage to 
phase B on line 50 and phase C is alloWed to ?oat. The 
microprocessor 38 signals multiplexer 40 on lines 44 and 46 
to sWitch the output on line 54 to phase C on line 52. 
As the rotor 14 continues to turn, a voltage is induced in the 

phase C Windings. When the back EMF voltage on line 52 
through multiplexer 40 to line 54 equals the neutral voltage on 
line 56 indicating a Zero crossing point 84, an output is gen 
erated on line 58 from comparator 42 to microprocessor 38. 

The time from commutation point 82 until Zero crossing 
point 84 is measured (tm) by microprocessor 38. The commu 
tation time (tc) is set to the measured time tm and the micro 
processor 38 Waits the commutation period for the next com 
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4 
mutation. At the next commutation point 86 a signal is 
generated by microprocessor 38 on line 68 and removed from 
line 60 to poWer stage circuit 36, Which applies a positive 
voltage to phase C on line 52 and removes a voltage on line 48 
to alloW phase A to ?oat. The microprocessor 38 signals on 
lines 44 and 46 to multiplexer 40 to sWitch the output on line 
54 to phase A on line 48. 

Microprocessor 38 measures the time from commutation 
point 86 until the Zero crossing point 88 for phase A. The 
commutation time is set to this measured time and the micro 
processor Waits the commutation time period for the next 
commutation. At the next commutation point 90, phase A is 
set to a negative voltage and phase B is alloWed to ?oat. 
When the back EMF voltage on line 50 is equal to the 

neutral voltage on line 56, microprocessor 38 Waits for the 
measured period of time from commutation point 90 to the 
Zero crossing point 92 for the next commutation at point 94. 
At point 94, a positive voltage is applied to phase B, and phase 
C is alloWed to ?oat. 

Microprocessor 38 measures the time from commutation 
point 94 until the Zero crossing point 96 for phase C. The 
commutation time is set to this measured time and the micro 
processor 38 Waits the commutation time period for the next 
commutation. At the next commutation point 98, a negative 
voltage is applied to phase C and phase A is alloWed to ?oat. 
The back EMF voltage on line 48 is compared to the neutral 
voltage on line 56. Once the Zero crossing point 300 for phase 
A is reached, the microprocessor Waits the measured time 
period from point 98 to point 300 for the next commutation 
point 302. 

At commutation point 302 a positive voltage is applied to 
phase A on line 48 and phase B is alloWed to ?oat. The cycle 
is then repeated. As appreciated by those skilled in the art, this 
control technique is one embodiment of a “high duty cycle” 
technique. The duty cycle for this embodiment of a high duty 
cycle control technique may approach 100% because the 
unused phase is monitored at the same time that poWer is 
applied to tWo other phases. 

Each Zero crossing event occurs sixty degrees before the 
rotor 14 moves to a point Where the current phase activation 
Will begin sloWing doWn the rotor and Where the next phase 
activation produces the maximum torque. If the microproces 
sor 38 Waits for 100% of the measured time, the motor Will be 
running a neutral timing. Neutral timing is generally the mo st 
e?icient mode for running the motor. HoWever, more poWer 
can be gained by Waiting only a fraction of that time, Which is 
referred to as advanced timing. If the time to commutate to the 
next phase is only 50% of the measured time, the timing is 
advanced by 15 degrees. 

Referring to FIGS. 2 and 4, a circuit for sensing the back 
EMF is generally indicated by reference number 100 (FIG. 
4). The back EMF sensor 100 receives input from the micro 
processor 38 on lines 108, 110 and 112. The back EMF sensor 
100 monitors phases, A, B or C, on poWer stage output lines 
48, 50 and 52, respectively. Based on these signals, a back 
sensor provides input to microprocessor 38 on lines 102, 104, 
and 106 as described in detail beloW. 
When the comparator protection MOSFETS 114, 116, and 

118 are inactive, the phase outputs 48, 50, and 52 are directly 
connected to comparators 120, 122, and 124 giving the high 
est possible signal level on lines 102, 104, and 106. The 
comparators 120, 122, and 124 need to be able to function 
With input voltages ranging from relatively small negative 
values, to some knoWn positive value. This knoWn positive 
voltage need not be very high depending on hoW this method 
Will be used. This voltage Will determine hoW close to the 
no-load Revolutions Per Minute (RPM) of the motor 10 is 
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achievable. When a comparator 120, 122 or 124 input protec 
tion MOSFET 114, 116 or 118 is active on any particular 
phase, the resistor 126, 128 or 130 respectively in series With 
that comparator Will drop the phase voltage to a level that Will 
not damage the comparator inputs. This functionality is 
employed so that loW voltage, high accuracy comparators can 
be used While employing this method to start the motor, after 
Which a more traditional method can take over. A compara 
tor’s input is shut off Whenever its respective phase voltage is 
above its maximum input voltage. This is likely to happen 
When the phase is pulled high during a Pulse Width Modula 
tion (PWM), and When more traditional circuitry further 
accelerates the motor beyond the level that can be achieved 
using the direct sensing comparators chosen. 
As those skilled in the art Will understand, the commutation 

sequence at loW commutation rates frequently operates at a 
duty cycle beloW 100%. In one embodiment, utiliZing the 
control circuit of FIG. 2 and operating the motor of FIG. 1, 
voltages draWn from the commutation state are applied to tWo 
phases simultaneously, de?ning the on-time of a PWM pulse. 
During the off-time, one of the tWo phases remains tied to 
either high or loW polarity, but no drive is supplied during 
off-time since the other phases are both left ?oating. In the 
embodiment utiliZing the back EMF sensor circuit depicted in 
FIG. 4, the loW-side phase is left connected during off-time, 
and the high side is pulsed high When the circuit is being 
driven. This embodiment has the advantage of keeping the 
back EMF signals centered around the grounded phase, and 
alloW accurate measurement for loW signal level compara 
tors. Other embodiments leave the high side connected, and 
pulse the loW side to ground. Still other embodiments pulse 
only one phase at a time. 
As those skilled in the art Will understand, a poWer pulse is 

folloWed by a period of transient voltage appearing on the 
phases of a motor resulting from current decay in the motor 
coil. The duration depends on a number of factors including 
the mutual inductance of the motor. The higher the induc 
tance, the longer one must Wait before these transients dissi 
pate. 

In some embodiments, the off-time of the pulsing duty 
cycle is chosen to be long enough that the transient effects 
from coil discharge have diminished, and have little effect. 
LoW duty cycle implementations that operate at approxi 
mately 10% duty cycle have proven to be practical. Three 
phase motors have been tested that have mutual inductance 
such that this technique may be used With a 40% duty cycle, 
but loWer mutual inductance motors may alloW such a tech 
nique to be used at duty cycles above 50%. The relative 
voltages present on the phases are then measured during the 
off-time. For example, using the embodiment depicted in 
FIG. 4, microprocessor 38 utiliZes lines 108, 110, and 112 
simultaneously to deactivate MOSFETs 114, 116, and 118 so 
that the order of phase voltages is measured just prior to 
applying drive voltages. As those skilled in the art Will appre 
ciate, the outputs 102, 104, and 106 of the back EMF sensor 
100 contain binary signals that re?ect the relative levels of the 
voltages on phases A, B, and C at the sampling time. More 
speci?cally, output 102 is high When A>B; output 104 is high 
When A>C; output 106 is high When B>A. Microprocessor 38 
is able to determine the order of one phase voltage relative to 
the other phase voltages. For example, if 102 is high and 104 
is high, thenA is maximum. If 102 is loW and 104 is loW, then 
A is minimum. Using 102, 104 and 106 together, the maxi 
mum phase voltage, the minimum phase voltage, and the 
intermediate phase voltage is determinable. The comparator 
setup of FIG. 4 is one of several con?gurations that may be 
used. For example, a single comparator could be multiplexed 
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6 
to sample the relationships that need to be determined. Like 
Wise, as those skilled in the art Will appreciate, the output 
from the sensor circuit 100 could have been digital levels 
representing raW analog voltages, and the comparisons could 
take place internal to microprocessor 38. 
The relative voltage order is used in conjunction With a 

corresponding mapping to determine the phases that should 
be pulsed, and the polarity that should be used for pulsing. A 
mapping matches a phase that satis?es an ordering criterion 
to be pulsed With a voltage according to the determination of 
the microprocessor 38. 

In one embodiment, utiliZing the control circuit of FIG. 2 
and the motor of FIG. 1, the mapping chooses phases in pairs. 
The phase With minimum voltage is pulsed With a corre 
sponding polarity pulse, and the phase With maximum volt 
age is pulsed With a corresponding polarity pulse. The corre 
spondence is different depending upon Whether or not the 
microprocessor 38 decides to aid acceleration or to oppose 
acceleration. If the microprocessor 38 is in a mode Which aids 
acceleration, then the correspondence is as folloWs: a high 
voltage is pulsed on the phase Which Was measured to be 
maximum, a loW voltage is pulsed on the phase Which Was 
measured to be minimum, and the third phase is left ?oating. 
If the microprocessor 38 is in a mode Which opposes accel 
eration, then the correspondence is reversed: a loW voltage is 
pulsed on the phase Which Was measured to have maximum 
voltage, and a high voltage is pulsed on the phase Which Was 
measured to have minimum voltage, and the third phase is left 
?oating. As those skilled in the art Will appreciate, other 
embodiments utiliZe the inventive technique to advantage 
With other mappings that give a different correspondence 
betWeen the measured order and applied voltage. For 
example, a single phase could be pulsed high Which is deter 
mined to be maximum. Alternatively, the phase determined to 
be maximum could be pulsed loW. LikeWise, a single phase 
could be pulsed loW after being determined to be minimum. 
Similarly, a single phase could be pulsed high after being 
determined to be minimum. 

Turning noW to FIG. 3, there is illustrated a Waveform 
shoWing hoW the control circuit of FIG. 2 may be used to 
advantage in conjunction With the back EMF sensor circuit of 
FIG. 4 to provide a method of sustaining rotation of a shaft of 
a direct current brushless motor at loW revolutions per minute. 
Generally, as explained above, the speed range of the circuit 
is adjustable based on the choice of comparators 120, 122, 
and 124, the mutual inductance of the application, and the 
range of operation. The speed is loW relative to a higher speed 
above Which a higher duty cycle method of control is utiliZed. 
One embodiment uses a high pulse of 24 volts and compara 
tors 120, 122, and 124 (FIG. 4), Which measure voltage order 
accurately betWeen —0.75 volts and +4 volts. With commer 
cially available three phase motors, and typical radio control 
vehicle gears, this embodiment has been effective at initiating 
rotation, and sustaining rotation of vehicle Wheels for model 
vehicles at loW Wheel speeds at approximately 100 RPM. The 
general case Will be considered beloW, and the invention Will 
be shoWn to be operable in other cases also, but for the present 
discussion of the method it is assumed that the direction of 
rotation of the shaft is knoWn, and in the desired direction. 

Consider the use of this method for one embodiment begin 
ning at instance 80 of FIG. 3. In this interval phaseA is being 
pulsed high, and phase C is being pulsed loW. For neutral 
timing, the next commutation state Will be selected after 82 on 
FIG. 3, after Which point phase B begins to be pulsed With a 
loW voltage, While phase C is left ?oating, and phase A 
continues to be pulsed With a high voltage. In some embodi 
ments, the determination of pulsing level and phase are based 
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on the prior measurement, simply using the corresponding 
phase With maximum voltage pulsed high, and the corre 
sponding minimum voltage phase pulsed loW. As those 
skilled in the art Will appreciate, other embodiments make use 
of signal processing techniques to base the updated commu 
tation state on the relative voltages. Embodiments make use 
of techniques such as averaging results, ?ltering recent his 
tory, comparing a result to expected results based on prior 
timing, etc. LikeWise, if the commutation state and direction 
of rotation are knoWn, some embodiments only monitor a 
subset of the full complement of signals to make the commu 
tation state change. In the present exemplary interval betWeen 
80 and 82, it is unnecessary to monitor the back EMF for 
phase A since the change of state Will occur When the back 
EMF of phase B drops beloW the back EMF for phase C. 
Thus, some embodiments monitor minimum voltage alone to 
update commutation state. In the interval from 82 to 86, the 
method pulses phase B loW and phase A high until it is 
determined that phase C voltage is greater than A, after 86. In 
the interval betWeen 86 and 90, phase C is pulsed high, and 
phase B is pulsed loW. This commutation state is terminated 
after 90 When it is determined that the back EMF for phase A 
is beloW the back EMF for phase B. In the interval from 90 to 
94 phase C is pulsed With a high voltage, and phase A is 
pulsed With a loW voltage. The commutation state is changed 
after 94 When it is determined that the back EMF in phase B 
has become maximum rather than the back EMF in phase C. 
In the interval from 94 to 98 phase B is pulsed high and phase 
A is pulsed loW until it is determined after 98 that the back 
EMF on phase C has dropped beloW the back EMF on phase 
A. In the interval from 98 to 100 phase B is pulsed high and 
phase C is pulsed loW until just after 102 When it is detected 
that the back EMF on phaseA has become larger than the back 
EMF on phase B. After 102 but before the situation depicted 
at 82, phase A is pulsed high and phase C is pulsed loW, 
bringing the control cycle back to the beginning state that We 
discussed beginning at 80. 
As those skilled in the art Will appreciate, other embodi 

ments make use of the invention While utiliZing the technique 
for the particular features of the motor or controller selected. 
Some embodiments do not pulse both phases simultaneously, 
but only pulse a single phase. Some embodiments use a ?xed 
duty cycle. Other embodiments perform additional samplings 
of back EMF during the off-time of the PWM Waveform, and 
adjust the PWM period based on the signals measured. For 
example, the characteristics of the transient are monitored 
until the signals become consistent and regular. A long period 
of stable signals results in the PWM period being shortened. 

Directly sensing the phase crossing point has several 
advantages over traditional Zero-crossing point techniques. 
The comparators can generate valid signals at loWer back 
EMF voltages over the full range, as opposed to comparing a 
single back EMF voltage to the neutral point. In addition, this 
technique is particularly advantageous at loW RPM because 
the commutation point is directly measured as opposed to 
using the Zero-crossing point in Which there is a pre-calcu 
lated delay betWeen the measured event and the desired com 
mutation point. Because this point is directly measured and 
stable, near neutral timing can be achieved even When the 
motor RPM is unknoWn and unstable. As those skilled in the 
art Will appreciate, the technique of the present invention is 
particularly advantageous When applied to loW speed variable 
motor applications such as turning the Wheels of a vehicle at 
loW speed, controlling speed of model vehicles or propellers 
at loW speed, controlling loW rotational speeds of a screW 
driver or drill, and controlling the speed of a pump. 
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8 
Still With reference to FIG. 3, consider the application of 

the invention to perform a method of accelerating rotation of 
the shaft of a direct current brushless motor from rest through 
transition to a high duty cycle commutation sequence. This 
encompasses the situation Where the motor shaft position and 
rotation are originally unknoWn. As is Well knoWn in the art, 
there are many techniques available for determining the ini 
tial position or direction of the rotor. Any of these are ame 
nable to combination With the present invention. One embodi 
ment of the present invention simply applies a ?rst set of 
voltages draWn from a commutation sequence, and begins the 
commutation sequence, accelerating the rotor in an unknoWn 
direction, and then makes subsequent measurements to deter 
mines direction of rotation from historical data. For example, 
consider an embodiment Wherein one or more pulses are 
applied, and it is determined that phase A has maximum 
voltage and phase B has minimum voltage. The technique 
continues to pulse phase A high and phase B loW and monitors 
both maximum and minimum voltage during each off-time of 
a pulsing sequence. If the direction of rotation is correct, then 
the next commutation state encountered Will be chosen When 
voltage C becomes maximum at a point depicted by 86 of 
FIG. 3. In this case, the pulse sequence continues With the 
same correspondence, continuing to pulse B loW, but pulsing 
C high after it is detected that C is maximum. If, hoWever, the 
next change of order encountered is that phase C becomes the 
minimum and phase A is the maximum, then microprocessor 
38 determines that the direction of rotation is reversed from 
the favored direction. In this case, microprocessor 38 changes 
the correspondence to effect negative acceleration by pulsing 
phase A loW and phase C high. The correspondence remains 
reversed until historical data indicates that correct direction 
rotation has been achieved, for example, that the back EMF 
pattern begins changing in the correct direction. After this, the 
microprocessor 38 reverts to the correct direction correspon 
dence. For example, if the next change of measured order 
occurs When phaseA remains maximum but phase B becomes 
minimum, then phase B is pulsed loW and phase A is pulsed 
high. Once the direction of rotation is established, the inven 
tion may be used as described above to control the speed of 
the rotating shaft. 
As Will be appreciated by those skilled in the art, other 

embodiments make use of similar techniques of employing 
historical data to determine that the direction of rotation is 
reversed. Some embodiments monitor the analog signal lev 
els of back EMF prior to comparison in comparators 120, 122, 
or 124, and measure, for example, the slope of the back EMF 
on the ?oating phase. Some embodiments measure the time of 
the Zero crossing on the ?oating phase and use this in con 
junction With the last detected order change to determine 
direction of rotation. As the rotation of the shaft speeds up, the 
back EMF signature becomes stronger, and the commutation 
sequence increases in speed. Some embodiments transition 
from a pulsed technique to a high duty cycle technique. This 
may be advantageous When the comparators 120, 122, and 
124 begin to saturate, or When a higher torque is desirable. 
Many such high duty cycle techniques are compatible With 
the present invention, but the technique described herein is 
particularly advantageous. This technique monitors the Zero 
crossing point of the ?oating phase and measures a time from 
a ?rst commutation event to a Zero crossing event. It then 
utiliZes this time measurement to determine a second com 
mutation time after a second Zero crossing event. As appre 
ciated by those skilled in the art, the transition from one 
technique of commutation to another may be made by a 
number of methods. Some embodiments monitor error 
mechanisms for each method, attempting to perform both, 
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and the best method is chosen for control. Some embodiments 
make use of commutation speed, transitioning to the high 
duty cycle method above a certain speed. Some embodiments 
monitor maximum back EMF level, using the high duty cycle 
method When the back EMF is above a certain level. 

It is to be understood that While certain forms of this inven 
tion have been illustrated and described, it is not limited 
thereto, except insofar as such limitations are present in the 
claims. 

What is claimed is: 
1. A method of accelerating rotation of a shaft of a direct 

current multi-phase brushless motor comprising: 
generating a ?rst poWer pulse on a ?rst phase of a brushless 

direct current motor, Wherein said ?rst poWer pulse 
effects rotation of a rotor; 

determining, after a ?rst time period folloWing the end of 
said ?rst poWer pulse, an order With respect to voltage of 
at least a second phase of said brushless direct current 
motor relative to the voltage of one or more other phases; 
and 

generating a second poWer pulse on said second phase, 
Wherein the polarity of said second poWer pulse corre 
sponds to the determined relative order. 

2. A method of accelerating rotation of a shaft of a direct 
current multi-phase brushless motor comprising: 

generating a ?rst poWer pulse on a ?rst phase of a brushless 
direct current motor; 

determining, after a ?rst time period folloWing the end of 
said ?rst poWer pulse, an order With respect to voltage of 
at least a second phase of said brushless direct current 
motor relative to the voltage of one or more other phases; 
and 

generating a second poWer pulse on said second phase, 
Wherein the polarity of said second poWer pulse corre 
sponds to the determined relative order, and Wherein 
said second phase is determined to have maximum volt 
age and the corresponding polarity is high. 

3. A method of accelerating rotation of a shaft of a direct 
current multi-phase brushless motor comprising: 

generating a ?rst poWer pulse on a ?rst phase of a brushless 
direct current motor; 

determining, after a ?rst time period folloWing the end of 
said ?rst poWer pulse, an order With respect to voltage of 
at least a second phase of said brushless direct current 
motor relative to the voltage of one or more other phases; 
and 

generating a second poWer pulse on said second phase, 
Wherein the polarity of said second poWer pulse corre 
sponds to the determined relative order, and Wherein 
said second phase is determined to have minimum volt 
age and the corresponding polarity is loW. 

4. The method of claim 1 further comprising determining 
after said ?rst time period an order With respect to voltage of 
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a third phase of said brushless direct current motor relative to 
the voltages of one or more other phases. 

5. A method of accelerating rotation of a shaft of a direct 
current multi-phase brushless motor comprising: 

generating a ?rst poWer pulse on a ?rst phase of a brushless 
direct current motor; 

determining, after a ?rst time period folloWing the end of 
said ?rst poWer pulse, an order With respect to voltage of 
at least a second phase of said brushless direct current 
motor relative to the voltage of one or more other phases; 

generating a second poWer pulse on said second phase, 
Wherein the polarity of said second poWer pulse corre 
sponds to the determined relative order; and 

determining after said ?rst time period an order With 
respect to voltage of a third phase of said brushless direct 
current motor relative to the voltages of one or more 
other phases, 

Wherein said generating a ?rst poWer pulse occurs during 
the generation of a third poWer pulse on a fourth phase of 
said brushless direct current motor; 

and Wherein said generating a second poWer pulse occurs 
during the generation of a fourth poWer pulse on said 
third phase, 

Wherein the polarity of said fourth poWer pulse corre 
sponds to said determined relative order of voltage on 
said third phase. 

6. The method of claim 5 further comprising determining 
direction of rotation from historical data. 

7. The method of claim 6 further comprising effecting 
negative acceleration by setting the current commutation to 
pulse the phase With the greatest voltage loW and the phase 
With the loWest voltage high if it is determined that the direc 
tion of acceleration is reverse. 

8. The method of claim 1 Wherein the rotation of said motor 
shaft effects rotation of an item selected from the group 
consisting of a passenger vehicle Wheel, a radio control 
vehicle Wheel, a drill bit, a propeller, a pump, and a screW 
driver. 

9. One or more computer-readable media having com 
puter-useable instructions embodied thereon to perform a 
method of accelerating rotation of a shaft of a direct current 
multi-phase brushless motor comprising: 

generating a ?rst poWer pulse on a ?rst phase of a brushless 
direct current motor, Wherein said ?rst poWer pulse 
effects rotation of a rotor; 

determining, after a ?rst time period folloWing the end of 
said ?rst poWer pulse, an order With respect to voltage of 
at least a second phase of said brushless direct current 
motor relative to the voltage of one or more other phases; 
and 

generating a second poWer pulse on said second phase, 
Wherein the polarity of said second poWer pulse corre 
sponds to the determined relative order. 

* * * * * 


